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The influence of the orientation angles of the target nucleus symmetry axis relative to 
the beam direction on the production of the evaporation residues is investigated for the 
'"^Ca+^^^Sm reaction as a function of the beam energy. At low energies (E'c.m. <137 MeV), 
the yield of evaporation residues is observed only for collisions with small orientation angles 
^ , [oLT < 45"). At large energies (about Ec.m. =140-180 MeV) all the orientation angles ax 

^ , can contribute to the evaporation residue cross section aER in the 10-100 mb range, and at 

Ec.m. >180 MeV aER ranges around 0.1-10 mb because the fission barrier for a compound 
^ , nucleus decreases by increasing its excitation energy and angular momentum. 
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The study of the role of the entrance channel dynamics in the formation of the evapora- 
tion residues (ER) in reactions with massive nuclei is an actual problem in establishing the 



^ I conditions to obtain new superheavy elements or new isotopes far from the island of stability 

of chemical elements. The main requirements to reach maximal cross sections in the forma- 
tion of the evaporation residues are as small as possible values of the excitation energy and 
angular momentum of the being formed compound nucleus with large fusion probability. In 
the cold fusion reactions the main requirements have been satisfied and In- and 2n-reactions 
(by emission of one or two neutrons from the compound nucleus) leaded to observe events 
confirming the synthesis of superheavy elements Z=110 (darmstadtium). 111 (roentgenium) 
and 112 (see Refs.^'^), as well as element Z=113 (see Ref.'^). The events proving the synthe- 
sis of heavier new elements Z=114, 115, 116, 118 were observed in the hot fusion reactions 
with ^^Ca on the actinide targets ^^^Pu, ^^^Am, ^^^Cm and ^^^Cf, respectively, in which the 
excitation energy of the compound nucleus was more than 35 MeV."^ There is an opinion that 
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the values of beam energy leading to the observed maximal cross sections correspond to the 
equatorial collisions of the deformed actinide targets^ (the orientation angle of the nucleus 
symmetry axis to the beam direction is 90°). The results of our calculations showed that 
the maximal cross sections should be observed at orientation angles less than 90° because of 
influence of the entrance channel on the dynamics of capture.^ Therefore, to investigate the 
evaporation residue production, it is important to analyze the role of the entrance channel 
characteristics such as the beam energy, orbital angular momentum, orientation angles of the 
symmetry axes of the projectile and target nuclei relative to the beam direction in the angular 
momentum distribution of the excited compound nucleus. Although the reaction cross section 
for the interaction of massive nuclei is enough large, only very small part {(Jer/ (^react ^ 10~^) 
can belong to the expected ER events at synthesis of superheavy elements Z > 108.^'^ In fact, 
the complete fusion of two massive nuclei is in competition with the quasifission (QF) pro- 
cess^ (re-separation of the interacting system into two fragments without reaching compound 
nucleus) during the first stage of the reaction, while the evaporation process (leading to the 
evaporation residue nuclei) competes with the fission process along the de-excitation cascade 
of the compound nucleus (CN). Moreover, at the large values of angular momentum (i > 82), 
also the fast-fission (FF) can contribute to the formation of nuclear fragments hindering the 
ER formation. 

In this paper we present the results of our study on the '^^Ca+^'^^'^Sm reaction showing as 
the orientation angle of the symmetry axis of the target nucleus relative to the beam direction 
and orbital angular momentum affect the yields of the evaporation residues. 

2. Method 

We use the method developed in our previous papers^"^^ to describe the role of the all 
three stages starting from the dinuclear system (DNS) formation at capture of the projec- 
tile by the target-nucleus, then its evolution into a compound nucleus and the production of 
the evaporation residues after emission of gamma-quanta, neutrons, protons, a-particles. The 
method allows us to determine the corresponding cross sections of capture, complete fusion 
and formation of the evaporation residues. By this method we are able to determine the angu- 
lar momentum distribution of the DNS (determined by the conditions of the entrance channel) 
and competition between quasifission and complete fusion affected by the conditions of the 
reaction mechanism. Therefore, also the de-excitation chain of the compound nucleus (char- 
acterized by the fission-evaporation competition) is affected by the reaction dynamics. ^^'^^ 
2. 1 Collision of spherical nuclei 

It is worth to calculate the cross section of evaporation residues which can be compared 
with the corresponding experimental data. The probability of formation of the evaporation 
residue nucleus being survived with mass number A = Aqn — {^{x) +y{x) + 4:k{x)) and charge 
number Z = Zqn — ivix) + 2k{x)) from the heated and rotated compound nucleus '^'^'^Z^j^ 
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after emissions of v neutrons, y protons, k a-particles at the xth step of the de-excitation 
cascade by the formula:^^'^^ 

<TERi.m) = + l)al_,^{E*)W,^,^,_,){E*,£), (1) 

e=o 

where cr^^_^^(£'*) is the partial cross section of the intermediate nucleus formation at the (a:; — 
l)th step and Wg^-r(^x-i) {^x^^) i'^ the survival probability of the (.x — l)th intermediate nucleus 
against fission along the de-excitation cascade of CN; ^/ is the value of angular momentum (. at 
which the fission barrier for a compound nucleus disappears completely; E* is an excitation 
energy of the nucleus formed at the xth step of the de-excitation cascade. It is clear that 
'^(o)(^o) = <s(^Civ)at 

-E'CAT = ^0 — -^c.m. + Qgg — Ej-ot, (2) 

where Ec.m., Qgg-, and E^ot are the collision energy in the center of mass system, the reaction 
Qgg-wdhxe and rotational energy of the compound nucleus, respectively. The numbers of the 
being emitted neutrons, protons, a-particles and 7-quanta, v{x)n, yix)p, k{x)a, and s{x)^, 
respectively, are functions of the step x. The emission branching ratios of these particles de- 
pend on the excitation energy E'^ and angular momentum £a of the being cooled intermediate 
nucleus. 

The chain of the de-excitation cascade, characterized by the emission of the above- 
mentioned particles, starts from the compound nucleus '^'^'^Z^,^. Its formation probability 
is the partial cross section of complete fusion o-f^giE^^) corresponding to the orbital angu- 
lar momentum £. The fusion cross section is equal to the capture cross section for the light 
systems or light projectile induced reactions while for the reactions with massive nuclei it be- 
comes a model dependent quantity. Concerning the estimation of the fusion cross section from 
the experimental data of fragments, sometimes, its value is an ambiguous quantity because of 
difficulties in separation of the fusion-fission fragments from the quasifission fragments in the 
case of overlap of their mass and angular distributions. 

In our model, we calculate crfusi-^CN) estimation of the competition of the complete 
fusion with quasifission if we know the partial capture cross section: 

C^fus(^c.m.) = (^LpiEc.m.)PcNiEc.ni.,£), (3) 

where PcN{Ec.ra) IS the hindrance factor for the formation of the compound nucleus con- 
nected with the competition between complete fusion and quasifission as possible channels 
of evolution of the DNS. Note -Ec.m. and Eqj^ are connected by relation (2). Details of the 
calculation method are described in ref.^^ 

The partial capture cross section at given energy -Ec.m. and orbital angular momentum £ 
is determined by the formula: 

crLjE^cm.) = TT^t'^VUE,.^) (4) 
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where V^^pi^cm.) is the capture probabihty for the cohiding nuclei to be trapped into the well 
of the nucleus-nucleus potential after dissipation of a part of the initial relative kinetic energy 
and orbital angular momentum. The capture probability V^^p equal to 1 or for given Ec.m. 
energy and orbital angular momentum i. Our calculations showed that in dependence on the 
center-of-mass system energy E'c.m. there is a "window" of the orbital angular momentum for 
capture with respect to the following conditions:^' 



The boundary values imin and of the partial waves leading to capture depend on the 
dynamics of collision and they are determined by solving the equations of motion for the 
relative distance R and orbital angular momentum ^.s.iO'H At lower energies imin goes down 
to zero and we don't observe the i "window": < i < id- The range of the i "window" is 
defined by the size of the potential well of the nucleus-nucleus potential V{R, Zi, Z2) and the 
values of the radial ■yn and tangential 74 friction coefficients, as well as by the moment of 
inertia for the relative motion.^' ^ The capture cross section is determined by the number of 
partial waves that lead colliding nuclei to trap into the well of the nucleus-nucleus potential 
after dissipation of the sufficient part of the initial kinetic energy (see for example Fig. 1(a) of 
Ref.^^). The size of the potential well decreases by increasing the orbital angular momentum, 
i. The value of £ at which the potential well disappears is defined as the critical value icr- In 
some models, it is assumed as the maximum value of the partial waves giving contribution 
to the complete fusion. But, unfortunately, this is not true: the use of £cr, as a maximum 
value of £ contributing to capture, leads to the overestimation of the capture and fusion cross 
sections. Because at < ^ < icr the deep inelastic collisions take place (see Fig. 1(b) of 
Ref.^^). It should be stressed that such a process occurs because of the limited values of the 
radial friction coefficient,®' ^'^^ the capture becomes impossible at the low values of the orbital 
angular momentum if the beam energy values are enough high than the Coulomb barrier. 
2.2 Collision of deformed nuclei 

Due to the dependence of the nucleus-nucleus potential (V) and moment of inertia (Jr) 
for DNS on the orientations of the symmetry axes of deformed nuclei, the excitation func- 
tions of the capture and fusion are sensitive to the orientations under discussion. This was 
demonstrated in Ref.^ The present paper is devoted to the study of the dependence of the 
evaporation residue cross section on the orientation angles of the deformed interacting nuclei. 
Certainly, it is impossible directly to establish the above-mentioned dependence by an exper- 
imental way. But the theoretical analysis allows us to estimate the contributions of collisions 
by different orientation angles to the measured evaporation residue cross sections. Conclu- 
sions of such kind of analysis are useful to find favourable beam energies for the synthesis of 



< 



1, if Cin <i<£d and Ec.m. > VcovA 
0, if £< £mm or i>id and ^^c.m. > ^^Coui 
_ 0, for all i if Ec.m. < ^Coui • 
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superheavy elements in reactions with deformed nuclei. 

Usually, the final results of the evaporation residue cross sections are obtained by averaging 
the contributions calculated for the different orientation angles of the symmetry axes of the 
deformed reacting nuclei (as used in Ref.^^) 

/•7r/2 /"""/^ 

< (TER{Ec.ia.) >= sinap aER{Ec.m.;ap,aT))smaTdapdaT (5) 
Jo Jo 

where aERiEc.m.] cep,aT) is calculated by the formula (1) for the all considered orientation 
angles of the symmetry axes of the projectile and target nuclei. 

2.3 Including surface vibration of spherical nucleus 

The projectile used in the reaction under consideration is the double magic spherical 
nucleus ^^Ca. But our results did not describe experimental data at low energies if we use 
spherical shape for ^^Ca. Therefore, we take into account the fluctuation of its shape around 
the spherical shape due to the zero-point motion connecting by the quadrupole and octupole 
excitations. We calculated capture and fusion cross sections with different vibrational states 
of *^^Ca (3x = —f^^x^ , —f^x^ + ^f^i P^x^ , where A = 2, 3. Then we performed averaging of the 
capture and fusion cross sections over the values of the shape parameters used in calculations: 

<C7,(Ee.m.,aT)>= / ' / ' ^ ^.(E^c.m. ; /^f^ /^f^ aT)5(/3r\ /^fV/^rd/jf \ (6) 

with i = cap, fus and with the weight function^^ 

(EA/5r^A0(«P))'" 



(2vra|J-^/^ (7) 



where /3^^^ is a current value of the deformation parameters characterizing the shape of the 
nucleus; for simplicity hereafter we use (3p = {P2^\ P^^^} characterizing the parameters of the 
first collective vibrational states 2+ and 3~, respectively; ap is the direction of the symmetry 
axis of the projectile shape when it has prolate {^2^^ > 0) or oblate (/?2^^ < 0) deformation. It 
is assumed ap = in our calculations. The dispersion of the shape fluctuations is calculated 
by the formula 

2 2A + 1 h 

-P.-L. 4. 2D^xu^^x 

nX 

for the case n = 1 and A = 2 in ^^Ca. 

The amplitudes 132^^ , , excitation energies of the first vibrational states 2+ and 3~ are 
taken from Refs.,^^'^^ respectively; Dx = h/{2ujxiPx)'^)- 

The results obtained by (6) were used in the following formula 

< aERiEc.m.) >= / aERiEc.m.; ctT) sin axdax (9) 
Jo 

to calculate the evaporation residue cross section by averaging only on the different orientation 
angles of the symmetry axis ar of the deformed target nucleus. The fusion excitation function 
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is determined by product of the partial capture cross section and fusion probability Pcn 
of DNS at various -Bc.m. values: 

if 

crfus{Ec.ui.;Pp,aT) = ^{21 + l)acap{Ec.m.,i; f3p,aT)PcN{Ec.m.,i; /3p,aT). (10) 
e=o 

Obviously, the quasifission cross section is defined by 

id 

agfi,{Ec.m:,pP,aT) = ^(2^ + l)aeap(^c.m.,^;/9p,«T)(l -Pciv(^c.m.,^;/3p,ar)). (11) 

£=0 

Another binary process which leads to the formation of two fragments similar to frag- 
ments of fusion-fission or quasifission is the fast-fission. It occurs only at high values of the 
angular momentum i > £f at which the rotating nucleus has not the fission barrier and be- 
comes unstable against fission. It is a disintegration into two fragments of the fast rotating 
mononucleus which has survived against quasifission (the decay of the DNS into two fragments 
without formation of the compound nucleus). Therefore, the mononucleus having high values 
of the angular momentum, splits into two fragments immediately if its angular momentum is 
larger than £f, because there is not a barrier providing stability. The fast-fission cross section 
is calculated by summing of contributions of the partial waves corresponding to the range 
(■f < (■ < leading to the formation of the mononucleus: 

id 

^ fast— f is iEc.m.;Pp,aT) = ^(2£ + l)c7c„p(£^c.m.,^;/3p,ar)Pciv(£^c.m.,^;/3p,aT). (12) 

if 

The capture cross section in the framework of the DNS model is equal to the sum of the 
quasifission, fusion-fission and fast-fission cross sections: 

<^LpiEc.m.;f3p,aT) = agfigg{Ec.m.;Pp,OiT) + afy_g{Ec.ni.;Pp,OiT) + a^fast-fis{Ec.Tii.\ l3p,aT)- 

(13) 

It is clear that fusion cross section includes the cross sections of evaporation residTics and 
fusion-fission products. The fission cross section is calculated by the advanced statistical 
code^'^'^^'^^ that takes into account the damping of the shell correction in the fission bar- 
rier as a function of the nuclear temperature and orbital angular momentum. 

3. Results of the ^^Ca-t-^^^Sm reaction 

In order to investigate the influence of the angular orientations of the interacting nuclei on 
the evaporation residue yields, we choose the ^^Ca-|-^^^Sm reaction because the experimental 
data of the evaporation residue cross sections for this reaction are presented in Ref.^^ There- 
fore, a good description of the measured ER cross section in the framework of our model 
taking into account the three stages of the fusion-fission reactions allows us to describe in 
detail the preceding mechanism leading to the formation of the ER nuclei. 



6/20 



J. Phys. Soc. Jpn. 



Full Paper 



We study the dependence of the competition between quasifission and complete fusion on 
the orientation angle ax of the symmetry axis of the target nucleus. The quadrupole defor- 
mation parameter of -"^^"^Sm is equal to 0.27 at the ground state. Although ^^Ca is spherical, in 
our calculations we take into account the first quadrupole (2"'') and octupole (3^) collective 
excitations as fluctuations around the spherical shape with the amplitudes < p!^^ >= 0.101 
(from Ref.^°) and < /Jg -* >=0.25 (from Ref.^^), respectively. 
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Fig. 1. Theoretical excitation functions for capture (solid line) , quasifission (dashed line), fusion (dot- 
dashed line), evaporation residue (thick short dashed line), fission (thin short-dashed line) and 
fast-fission (dash-double dotted line) versus the collision energy -Ec.m. in the center-of-mass sys- 
tem for the ^^Ca-|-^^^Sin reaction leading to the ^°^Pb compound nucleus. Open circles are the 
experimental data of the evaporation residues taken from Ref.^^ 

Fig. 1 shows the capture, quasifission, fusion and evaporation residue cross sections. The 
complete fusion cross section includes only the angular momentum values £ < if (see in 
forward Fig. 5) because the compound nucleus becomes unstable against fission foi i > if 
(where if = 82h for ^''^Pb) and appears the fast-fission. In this figure we also present the 
fission and fast-fission cross sections that become appreciable at higher values of E'c.m.- The 
theoretical results for the formation of evaporation residues were obtained by using formula 
(9). The good agreement between our results for ER and the experimental data of Ref.^^ is 
reached by using the formulae for the effective radii of the proton (Rp) and neutron (Rn) 
distributions^^ in the nucleus as a function of the their atomic A and charge Z numbers to 
calculate the nucleus radius: 



Rnucleus{A,Z) = k^iZRj + {A - Z)Rl)/A, 



(14) 
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Rp{A,Z) = 1.237(1 - 0.157(A - 2Z)/^ - 0.646/A)^^/^ (15) 

Rn{A,Z) = 1.176(1 + 0.25(^-2Z)/^ + 2.806/^)^^/^ (16) 

In our calculations wc used the coefficient /c=0.917. The capture and fusion cross sections 
depend on the radius parameter due to the nucleus-nucleus interaction potential V{R) between 
reactants. V{R) is calculated by the double folding procedure over the nucleon distribution 
functions of the interacting nuclei with the effective Migdal's nucleon-nucleon forces.^' The 
nucleon distribution function of the target-nucleus is as follows:^' 

(0). . f, , \r - RT{p2,p3;aT,A,Z)]\~^ 
p>r'{r;A,Z) = poO + exp '> , 

RTi(32,P3;A,Z,aT) = RTiA,Z){l + (32Y2o{aT) + P3Y3oiaT)), 



(17) 



where po=0A7 fm~^ and a=0.54 fm. As we stressed above in the subsection 2.1, the capture 
probability for the given values of -Ec.m. and i is determined by the size of the potential well 
of V{R). The depth of the latter is used as the quasifission barrier Bgf in our calculations of 
the fusion and quasifission cross sections.^' The fusion cross section depends also on the 
intrinsic fusion barrier B^^^ for the given mass asymmetry of dinuclear system. The definition 
of and its dependence on the orientation angle ckt will be discussed later (see Fig. 9). 
The values of Bj,^^ is determined from the landscape of the potential energy surface which 
includes V(R). This short comment is to explain the role of nuclear radius in calculations of 
the evaporation residues cross section obtained by the relation (1). 

The ER data are comparable with the fusion cross section at Ec.m. energies lower than 
150 MeV while at the energies Ecm. >165 MeV the fission cross section overcomes the one of 
the total evaporation residues becoming comparable with the fusion cross section (see Fig. 1). 
Also the fast-fission cross section becomes appreciable at energies Ec.m. >165 MeV while the 
evaporation residue cross section decreases. Such a decrease of aER is connected with the fact 
that the fission barrier for a compound nucleus decreases by increasing its excitation energy 
^CN^^'^^ and angular momentum £.^^ Therefore, the survival probability of the heated and 
rotating nuclei along the de-excitation cascade of CN strongly decreases. 

Before the analysis of the contributions of the different orientation angles ay of the sym- 
metry axis of the ^^^Sm target to the averaged results for the evaporation residues in Fig. 1 
we discuss the dependence of the partial capture and fusion cross sections on ax- The pre- 
sented results of the dependence on the orientation angle ctr in Figs. 2, 3, 5 and 6 are already 
multiplied on the weight factor sinaf used at averaging procedure by (9). 

The upper and lower parts of Fig. 2 show the partial capture (criap) ^-^^ fusion (cJj^^) cross 
sections, respectively, as a function of the energy Ec.m. for some typical orientation angles (for 
example, at aT=15° for a small angle, and aT=90° for a large angle) of the symmetry axis of 
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Fig. 2. Spin distribution of the capture (upper part) and fusion (lower part) cross sections as a 
function of the coUision energy i?c.m. in the center-of-mass-system and angular momentum ^, at 
orientation angles ar = 15° and 90°. Note that the scale of crj^^ is two times smaller than the 
one for cr^^p in order to see in a better way the structure of the crj^^ shape. 

the deformed ^^"^Sm target nucleus. The volumes of the distributions strongly depend on the 
orientation angle of the target. 

Prom Fig. 2 appears that for the considered ^^Ca+^^'^Sm reaction the capture yield 
strongly overcomes the fusion one at each angular configuration a-r because quasifission is 
the dominant process in the competition with fusion during the evolution of the DNS, due 
to the relatively small values of the quasifission barrier Bqf (see in forward panel (b) of Fig. 
8). At low energies (about Ec.m. = 125 - 137 MeV) the fusion, reached by the evolution of 
the DNS, is low and appears for small orientation angles ay of the target (see low part of 
Fig. 2, left panel at ax = 15°). Instead, at large values of a-r (see the right panel at ax = 
90°) the fusion formation is not possible in the above-mentioned ii^c.m. energy range. For large 
orientation angles ax the fusion process can occur only at larger Ec.m. energies due to the 
large values of the Coulomb barrier (see in forward Fig. 4). 

Fig. 3 shows the capture and fusion cross section versus Ec.m. for many different orientation 
angles ot of the target. This figure shows large capture cross sections at high values of the 
Ec.m. energy. At lower Ec.m. energies (at about Ec.m. < 137 MeV) only the small orientation 
angles of the target (a^ < 45°) can give contribute to the capture cross section due to 
the low values of the Coulomb barrier for the mentioned ax angle range (see again Fig. 4). 
At about E'c.m. =148 MeV all the ax configurations contribute to the capture cross section 
approximately with the same possibilities because the collision energy Ec.m. is enough to 
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Fig. 3. Capture and fusion cross sections versus the collision energy Ec.m. for various target orienta- 
tion angles ax- 

overcome the maximum value of the Coulomb barrier depending by the ax angle. In the 
above-mentioned low energy range, also for the fusion cross section can contribute only the 
small configuration of the target with ar < 45°. At higher Ec.m. energies (at about Ec.m. > 
155 MeV) the contributions for the configurations with ax > 45° are larger than the ones 
with ar < 30° for both the capture and fusion cross sections. 

The dependence of the Coulomb barrier on ax is presented in Fig.4. This phenomenon is 
evident from the geometry of collision in relation to the relative distance between the centers 
of the two interacting nuclei. For large orientation angles ax, the capture process can occur 



150r 




120 r 

20 40 60 80 100 

(degree) 

Fig. 4. Coulomb barrier V of the nucleus-nucleus interaction versus the orientation angle Ut of the 
target nucleus. 

at high values of Ec.m. only because increases the Coulomb barrier (due to the decrease of 
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the distance of centers of nuclei by increasing the angle ax) determined by the formula A. 2 
discussed in Rcf.^*^ The Coulomb barrier reaches its maximum value Vb = 148.2 MeV at 
aT= 90° (equatorial collision). Such behaviour of the Coulomb barrier is expected. But a 
dependence of the hindrance to the complete fusion on is not evident. 

In Figs. 5 and 6 are presented the partial cross sections of complete fusion ai ^ and quasi- 

JUS 

fission CTq-figg, respectively, as a function of the orientation angle ot for different values of 
the collision energy in the center-of-mass system. The volumes of the distributions strongly 
depend on the values of ax- The <7^j-^gg{Ec.m.) and o"y-„^(-Ec.m.) cross sections arc related to the 
partial capture cross section o'capi^cm ) by the formula (13) which also includes the contribu- 
tion of the fast-fission cross section o"j„^j_jjg(-E'c.m.)- From these figures appears that for the 
considered *^®Ca+^^^Sm reaction the quasifission is the dominate process for all orientation 
angles ax of the target-nucleus. 

The smallness of the capture and fusion cross sections at small orientation angles ax is 
connected with the restriction of the number of partial waves leading to the capture because 
the entrance channel barrier increases by increasing the DNS rotational energy at given values 
of aT- This effect is seen from the bottom panels of Figs. 5 and 6. According to the dinuclear 
system model the depth of the potential well for the given mass asymmetry of reactants is 
considered as a quasifission barrier Bgj keeping DNS from decay into two fragments with 
the corresponding mass and charge numbers. Peculiarities of such a dependence reflects on 
the capture cross section and competition between quasifission and complete fusion processes 
during the evolution of the dinuclear system. 

Calculations of dynamics of incoming paths show the following properties of the capture 
cross section: 

- the capture of the projectile by the target nucleus takes place if the collision energy is 
larger than the Coulomb barrier for each collision with the corresponding orientation angle 

- the number of the partial waves which determine the capture cross section increases by 
increasing the beam energy; 

- the number of the partial waves is larger if the depth of the potential well is large; 

- the number of the partial waves ceases to increase by increasing the beam energy for the 
given orientation angle ar if the beam energy is enough larger than the Coulomb barrier due 
to the restricted value of the radial friction coefficient. In fact, after dissipation of the relative 
kinetic energy the projectile could not be trapped into the potential well. So, for small values 
of the orbital angular momentum and large values of the beam energy we have a "^-window" 
because imin > (see page 4). 

We stress that by increasing the beam energy, also increases the possible angular config- 
urations of the deformed target that contribute to the fusion process. At higher energies the 
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Fig. 5. Partial fusion cross section as a function of the orientation angle ax of the target nucleus and 
initial orbital angular momentum £^ at various values of the collision energy i?c.m.- Note that the 
scale of the panels at -Ec.m. — 129.6 and 133.4 MeV is five times smaller than the one of other 
panels in order to see in a better way the structure of the Cj^^j, shape. 

rate of the fusion formation at competition between quasifission and fusion increases (see in 
forward Fig. 7) . The reason is connected with the decrease of the intrinsic fusion barrier BJ^^ 
by the increase of the orientation angle ax- 

The increase of hindrance to the complete fusion at small orientation angles was discussed 
in Ref.^ and we observe it clearly for the investigated ^^Ca+^^^Sm reaction. This is connected 
with the dependence of the potential energy surface, particularly of the driving potential 
Udr, on the orientation angle of the symmetry axis of deformed nucleus relative to the beam 
direction. As a result the competition between complete fusion and quasifission becomes a 
function of the angular configuration of the reacting nuclei (see Ref.^). For example, the role 
of the quasifission in reactions with deformed nuclei was discussed in the paper of Hinde et 
al?"^ showing the increase of the anisotropy of the fragment angular distribution at lowest 
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Fig. 6. Partial quasifission cross section as a function of the orientation angle ut of the target nucleus 
and initial orbital angular momentum at various values of the collision energy -Ec.m.- Note that 
the scale of the panels at -Ec.m. = 129.6 and 133.4 MeV is two times smaller than the one of other 
panels in order to see in a better way the structure of the cr^qfiss shape. 

Ecm. energies for the reaction. 

Figs. 1 and 6 show the increase of the quasifission cross section o'^figg by increasing the 
cohision energy -Ec.m. but the fusion cross section cxj^g also increases by -Ec.m. niore fastly than 
'^qfiss before saturation of Pcn- Favorable conditions for the formation of the evaporation 
residues in cohisions with the large orientation angles ay can be seen from the study of the 
fusion factor Pcn which depends on ut- The fusion probability Pcn is calculated by using 
the formula (11) of Ref.^^ 

Fig. 7 shows the fusion probability Pcn as a function of the collision energy Ec.m., for 
different values of the target orientation angle ot- Also the results of Pcn confirm the con- 
clusion that at Ec.m. <137 MeV only collisions with small ay values (about ot < 45°) can 
give an appreciable (small values) fusion probability Pcn- In such cases we obtain a reduction 
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Fig. 7. Fusion probability Pcn versus the collision energy i?c.m. for different values of the ax angle, 
of the CN formation. By increasing the Ecm. also the fusion probability increases and the 

contributions of collisions with large angles up to ax = 90° appear. At about -Bc.m. > 150 
MeV the fusion probability Pcn ranges around 0.35-0.41 with some saturation. 

It is difficult to study quantitatively the dependence of the quasifission cross section as 
a function of Ec.m. by the experimental data only because it is difficult to separate unam- 
biguously quasifission fragments from the deep-inelastic collision, fusion-fission and fast-fission 
fragments. 

The contribution of the quasifission process in the observed anisotropy of the fragment 
angular distribution was explored in Ref.^^ in the framework of the model based on the 
dinuclear system-concept: competition between complete fusion and quasifission is related to 
both values of the intrinsic fusion -B^^^ and quasifission Bqf barriers (see for example formula 
(11) in Ref.i^). 

According to our calculations increase of the yield of the quasifission fragments is explained 
by decreasing of the quasifission barrier Bqf. The small value of Bgf means less stability of 
the dinuclear system during its evolution. There are two reasons leading to the decrease of the 
quasifission barrier: Bqf decreases by increasing ax (see Fig. 8(b)) and angular momentum 
£. Large values of both ar and I are populated by increasing -Ec.m.- In Fig- 8 we present the 
calculated values of the Bj^^ and Bqf barriers for the ^^Ca-|--'^^^Sm reaction as a function of 
the orientation angle ax- 

In the DNS model, Bf^^ is determined as a difference of the values of the driving potential 
which corresponds to the initial mass asymmetry (solid squares in Fig. 9) and its maximum 
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Fig. 8. Intrinsic fusion barrier -Bj„s (a) and quasifission barrier Bqf (b) for the initial charge asym- 
metry of the ^^Ca+^^^Sm reaction leading to the ^°^Pb compound nucleus versus the orientation 
angle ar of the target-nucleus. 

value in the way to the complete fusion along the mass asymmetry axis Z ^ (soUd circles 
in Fig. 9). In the case of collisions of deformed nuclei, the values of B*j-^^ are larger for small 
orientation angles in comparison with the ones for large orientation angles of the symmetry 
axes of nuclei relative to the beam direction. In Fig. 9, the driven potential is presented in 
dependence on the values ar for the^^Ca+^'^^^Sm reaction. One can see that by the increase of 
the orientation angle ar of the target leads to the decrease of the intrinsic fusion barrier 
considered relative to the initial charge number Z = 20. As a result the fusion probability 
PcN that appears in formula (3) is sensitive to both values of the Bj^^ and Bqf barriers. But, 
as we have already stressed, the capture can occur at the large values of ar only if we increase 
the beam energy allowing the system to overcome the Coulomb barrier. 

Such values and trends of the barriers are consistent with the results that at lower Ec.m. 
energies only the small angles (Xx can contribute to the Ccap, cf^us 

and ger cross sections, by 

the relevant role of quasifission. At higher Ec.ra. energies also large ut configurations contribute 
to the above-mentioned cross sections. 

Fig. 10 shows the excitation function of the evaporation residue formation, at various tar- 
get orientation angles. At the smallest energy £?c.m.=125.8 MeV (corresponding to £^^^=35.1 
MeV of the compound nucleus) the main contributions to the evaporation residue cross sec- 
tion are given only by collisions with angular orientations of the target q.t < 30°. This is 
explained by the low values of the Coulomb barrier for such orientation angles ar and by 
the appreciable probability (see Fig. 7) of complete fusion in competition with quasifission. In 
any case, at energies Ec.m. < 137 MeV only collisions with the orientation angles about ar < 
45° can contribute to the ER formation. At -Ec.m. > 148 MeV, collisions with all orientation 
angles contribute to the ER formation and the ger cross section ranges between 10-100 mb. 
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Fig. 9. The dependence of the driving potential Udr calculated for the dinuclear system formed in 
the ^^Ca+^^'^Sm reaction for different values of the orientation angle ar- The difference between 
the values of Udr corresponding to the solid square at the initial charge asymmetry and solid circle 
on the maximum value of the driving potential is equal to BJ^^. 

The total ER yield reaches the maximum value (see also Fig. 1) with a saturation in the 
148-158 MeV energy range. Then, at higher Sc.m. energies the formation of the evaporation 
residues decreases and at Ec.m. >180 MeV oer ranges around 0.1-10 mb. In spite of the 
approximately constant trend of the fusion probability Pcn and fusion cross section a jus at 
-E-cm. > 160 MeV, the decrease of ger is explained by the increase of the excitation energy 
of the compound nucleus and its angular momentum which lead to a decrease of the fission 
barrier Bf of the compound nucleus. The angular momentum distribution of the heated and 
rotated compound nucleus (and other intermediate nuclei along the de-excitation cascade of 
CN) plays a decisive role in calculation of its survive probability against fission, and then to 
the formation of the evaporation residues. ^'^ Another phenomenon leading to the decrease of 
(^ER at higher collision energies -Ec.m. is the fast-fission process which is the splitting of the 
mononucleus into two fragments due to the absence of the fission barrier at very high values 
of the angular momentum i>if. 

At least, we also discuss the result when we include in calculations the tunneling effect 
for the collisions at subbarrier fusion energy. This effect leads to the shift of the capture exci- 
tation function on 1.5-2.0 MeV to lower energies. In mass asymmetric reactions (for example 
16q_|_238^^ the fusion cross section is nearly equal to the capture cross section and the en- 
hancement of the subbarrier fusion can be seen in the cross section of the evaporation residues. 
In reactions with massive nuclei (with a higher mass symmetric parameter, as for example the 
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Fig. 10. Evaporation residue cross sections versus the -Bc.m. energy for various orientation angles ar 
of the i^^Sm target. 

^^Ca+^^^Sm reaction), taking into account tunneling through the interaction barrier leads to 
an enhancement of the capture probability but this effect on the fusion excitation function for 
this reaction is very small. This is due to the intrinsic fusion barrier Bj^^ which decreases the 
fusion probability at a given capture cross section. B^^^ is about 10 MeV for collisions with 
small orientation angles ut and it decreases up to 5 MeV for large orientation angles (see Fig. 
9). Due to the smallness of this effect on the results under discussion we do not present the 
results of such estimations. 

4. Conclusions 

In this paper the role of the orientation angle ar of the symmetry axis of the deformed 
^^^Sm nucleus on the complete fusion and evaporation residue cross sections is studied for 
the ^^Ca+^^^Sm reaction at energies near and above the Coulomb barrier. The dependence 
of the quasifission-fusion competition during the evolution of the dinuclear system and the 
sensitivity of the fission-evaporation competition during the de-excitation cascade of the com- 
pound nucleus on the values of the orientation angle ax are demonstrated. The analysis of 
the dependence of the fusion and evaporation residue cross sections on the ar angle shows 
that the observed yield of evaporation residues in the ^^Ca-|--'^^^Sm reaction at low energies 
{Ec.m. <137 MeV) is formed at collisions with orientations ax < 45° because the collision 
energy is enough to overcome the corresponding Coulomb barrier. Only in this cases it is pos- 
sible formation of the dinuclear system which evolves to the compound nucleus or breaks up 
into two fragments after multinucleon exchange without formation of the compound nucleus. 
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At high energies (about in the Ec.m. =148-180 MeV energy range) all orientation angles of the 
target-nueleus ean contribute to (Ter and its values are ineluded in the 10-100 mb interval. In 
spite of high collision energies (about Ec.m. >158 MeV) the complete fusion still increases, the 
evaporation residue cross section aER goes down and its values range in the 0.1-1 mb interval 
due to the strong decrease of the survival probability against fission of the heated compound 
nucleus along de-excitation cascade. This is connected by the decrease of the fission barrier 
for a compound nucleus by increasing its excitation cnergy^'^'^^ and angular momentum. 

Another phenomenon leading to the decrease of aER at high energies is the fast-fission 
process which is the splitting of the mononucleus into two fragments due to absence of the 
fission barrier at very high the angular momentum i > if where ^/ is the value of angular 
momentum at which barrier disappears. 

From our study on the ^^Ca+^'^^'^Sm reaction leading to the ^*^^Pb compound nucleus we 
can affirm that in the explored energy range of collisions the quasifission is the dominant 
process in competition with the complete fusion for any orientation angle ax of the symmetry 
axis of the deformed target-nucleus. 
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